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fibres in the past in order to remove the organic compounds attached to the 3 hydrophilic surfaces of plant cell walls. These substances form a natural protective 4 layer, but partially hinder the industrial exploitation of lignocellulosic fibres, 5 especially in processes where the wettability behaviour, dyeability and adhesive 6
properties of plant fibres have to be improved. Two broad kinds of surface 7 modification treatments are available including physical (e.g. plasma and corona 8 treatment) and chemical (e.g. mercerization, acetylation, coupling agents, polymer 9 grafting, etc.), which introduce chemical bonding to the matrix in order to produce a 10 highly cross-linked interphase [1] . Traditional surface modification methods have the 11 disadvantage of producing a considerable amount of hazardous substances and 12 vapours, which could pollute the environment and have to be disposed of 13 appropriately. 14 A more environmentally friendly alternative is the use of plasma technologies. 15
Plasma is a ionized gas containing a mixture of ions, electrons, neutral and excited 16 molecules and photons [2] . During atmospheric air pressure plasma (AAPP) 17 treatment, a high frequency electric current excites a feeding gas usually compressed 18 air, into relatively low temperature plasma. Depending on the type and nature of the 19 feed gases used, a variety of surface modifications can be achieved, including an 20 increase or decrease of the surface energy, surface crosslinking and the introduction of 21 reactive free groups [1] . The plasma treatment duration, magnitude of power, distance 22 from the plasma nozzle to the substrate have been shown to be extremely important 23 for the optimisation of interfacial shear strength (IFSS) and the eventual composite 24 properties as suggested by Yuan et al. [3, 4] . 25
It is generally agreed that some of the advantages of AAPP are the absence of 26 polluting organic solvents required for its use, lack of hazardous waste, low operating 27 costs, short treatment times and greater flexibility since it does not require of a 28 vacuum-chamber [5] . 29
The aim of the present work is to investigate the effect of atmospheric air 30 pressure plasma on the mechanical properties of lignocellulosic fibres and its impact 31 on interfacial adhesion behaviour of these fibres to CAB. 32 
Atmospheric Air Pressure Plasma Treatment

27
An Openair TM plasma system (Plasmatreat GmbH, Steinhagen, Germany) was 28 used to functionalise the surfaces of lignocellulosic fibres. The AAPP treatment was 29 carried out at maximum power (10 kW) for duration of 1 min and 3 min. A small 30 amount of technical fibres (3 g) were fixed longitudinally inside an inverted glass T-31 piece. The middle inlet was positioned under the plasma nozzle in an attempt to 32 confine the active plasma species around the fibres for the duration of the treatment 1 (Fig. 1) . The substrate was fixed at 30 mm from the plasma nozzle in order to avoid 2 the thermal degradation of the lignocellulosic fibres. 3
The extent of the treatment time and distance from the plasma nozzle to the substrate 4 had to be limited because of the thermally induced changes that could be seen directly 5 after treatment; i.e. the fibres changed colour or even carbonised at closer ranges, 6
whereas distances fixed at 50 mm and 70 mm were ineffective. Treatment time of 1 7 min, 3 min, 15 min and 25 min were investigated at fixed distances of 30 mm, 50 mm 8 and 70 mm. However, it was found that treatment times in excess of 3 min produce a 9 significant loss in the mechanical properties of the lignocellulosic fibres, thus 10 rendering longer treatments unattractive, shorter treatment times of 15 s and 30 s were 11 also ineffective. After treatment, the mechanical properties and adhesion behaviour of 12 the fibres to CAB was measured. 13 desiccator. The Young's modulus, tensile stress and elongation to break were 22 calculated from the stress-strain curve obtained from the measurement, whereas the 23 cross-sectional area of each fibre tested was determined from SEM micrographs. 24
Mechanical Properties
Goodness-of-Fit 25
Statistically speaking, we were interested in determining if the tensile strength 26 of the lignocellulosic fibres followed a normal distribution prior to and after AAPP 27 treatment at the four different gauge lengths tested. For this reason a goodness-of-fit 28 test was applied. The Shapiro-Wilk normality test is a method to gather evidence if a 29
series of values approximates a normal distribution. This test requires defining two 30 mutually excluding hypothesis, as to determine whether the data analysed 31 approximates a normal distribution (i.e. null hypothesis, H o ) or not (i.e. alternative 32 hypothesis, H i ). The calculations were performed using the software Origin Pro v.7 at 1 a significance level ( ) of 0.05. The test computes a W-statistic, and a P-value, which 2 measures the degree of plausibility of the hypothesis of the data, from which a 3 decision can be drawn by comparison with the significance level. In other words, if 4 the calculated P-value > 0.05 the null hypothesis (H o ) is true, it can be inferred that 5 the data approximate a normal distribution. Whereas, a P-value < 0.05 rejects the null 6 hypothesis, meaning that the data do not follow a normal distribution. More details on 7 this statistical tool can be found in [7] . 8
Adhesive Properties 9
Single Fibre Pull-Out Test 10
The samples used for the pull-out tests were embedded into a half-drop of 11 molten polymer over a metal block using an embedding device that allows a perfect 12 perpendicular orientation of the fibre to the matrix surface at a defined embedded 13 length without bending the fibre. The method is further described in where A e is the embedded fibre area which was measured directly from SEM 23
micrographs. 24
Critical Length 25
The critical fibre length (L c ) is a critical design parameter for composites 26 because it provides essential information about the length at which the fibre achieves 27 maximum load, thus transferring the stresses at the fibre-matrix interface. In the 28 instance where the fibre length is smaller than the critical length, there is practically 29 6 no stress transfer and the fibre-matrix interface tends to fail. The critical fibre length 1 was calculated using the approach of Kelly and Tyson [9] showed in equation (2): 2
where f is the fibre tensile strength, A f the cross-sectional area of the fibre and is the 4 apparent interfacial shear strength (IFSS) determined experimentally in the pull-out 5 test. 6 lignocellulosic fibres presented in this report was previously reported in Ref. [15] and 3 it is summarised in Table 1 . The main constituents of this kind of plant fibres are 4 cellulose, hemicelluloses and lignin, but also small amounts of different free sugars, 5 hollocelluloses, starch and pectins, hemicelluloses, proteins, several mineral salts 6
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[12], and extractives such as waxes, fatty alcohols, fatty acids and different esters 7
[16]. As it can be seen in Table 1 Table 3 summarises the W-statistic and P-value obtained from the Shapiro-28
Wilk normality test performed on the measured tensile strength data of all the 29 lignocellulosic fibres prior-and after-AAPP treatment. Fig. 7 shows that the data for 30 the untreated, 1 min and 3 min AAPP treated abaca fibre, which approximates a 31 normal distribution. There are many different probability distributions that may be 32 used to analyse data, among them the bimodal, gamma, normal and Weibull, etc. 33
However, many naturally occurring populations tend to approximate a normal 1 distribution [24], whereas the Weibull distribution is often useful to analyse product 2 failures in the field of life data analysis, reliability and maintenance applications or to 3 predict the homogeneity of a material [25] . It is likely that the tensile strength of the 4 lignocellulosic fibres approximates a normal distribution, especially because it is not 5 clear if the weakest-link model is an accurate way to describe if lignocellulosic fibres 6 produce sudden catastrophic failure due to the growth of surface located flaws and/or 7 to bulk located flaws, or due to both, as suggested by Zafeiropoulos et al. [21] . (Figs. 8-11b) ; these defects may be 6 partially due to the etching effect of plasma and exposure to elevated temperature 7 during plasma, which may make expand the flaws already present on the fibres. The 8 deterioration of the surface morphology is more severe after 3 min of treatment as 9 greater amount of cracks, pits and deeper corrugations are visible (Figs. 8-11c) . 10 force, the interface is still carrying part of the load, thus producing significant plastic 24 deformation at the interface. This latter is most probable due to increased 25 roughness/greater exposition of microfibrils after AAPP treatment, which interacts to 26 a greater extent with the matrix, rather than with the macrofibril itself. SEM images of 27 fibres pulled out from CAB (Fig. 14a) and the corresponding matrix droplets (Fig. 14  28 b,c) were taken to investigate the fracture behaviour. The SEM micrographs (two are 29 exemplarily shown in Fig. 14 b,c) show that no wetting cone formed when sisal is 30 brought in to contact with the CAB polymer melt. Three factors determine whether or 31 not a wetting cone forms: i) the contact angle between fibre and polymer melt which 32 is a function of the surface tensions of both materials, ii) the melt is flowing under 33 gravity and thus is moving relative to the fibre and iii) the polymer shrinks onto the 1 fibre during the cooling process. During the pull-out of the embedded fibre, the 2 weakest part of the model composite fails. Usually, the highest stresses arise in the 3 region, where the fibre is in contact with the polymer. As can be seen from the SEM 4 images of the droplets after pull-out the matrix (Fig. 14 b,c) seems to shrink tightly 5 onto the fibre. It seems that the failure of the single fibre composite starts at the 6 fibre/matrix interface inside the droplet. The fracture type is related to the fibre 7 roughness; however, it is complicated by the fact that some of the fibres fail insight 8 the droplet (Fig. 14c) , which also explains the large scatter of the experimental data 9 (Fig. 16) . In these cases, no energy required to fracture the matrix to separate the 10 meniscus from the droplet. Therefore, the fibres after being pulled-out of the matrix 11 are clean (Fig. 14a) . 12 (Fig. 16) . The IFSS was determined by obtaining the slope of 18 the linear fits for each treatment [40] . In order to obtain comparable indicative results 19 the linear regression was forced through zero because no energy was required to 20 fracture the matrix (see Figs. 14 a,b) . Again, the relatively large scatter of the data is 21 most likely due to the fact that the technical lignocellulose fibres partially and 22 uncontrollably fail inside the matrix (Figs. 14 a,b) . Nevertheless, a slight increase in 23 suggested that mechanical fibre degradation, e.g. roughened surfaces and loosely 16 attached fibrils (Fig. 8-11c ), which may be produced during the exposition to the 17 environment in the AAPP jet, lead to "mechanically weak boundary layers" (MWBL); 18 in addition, the hydrophobic extractives present on lignocellulosic fibres, (such as 19 fats, fatty acids, sterols and waxes, and hydrophilic extractives e. 2  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29 Figure 8a  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  Surface morphology for an untreated single abaca fibre bundle.  23  24  Figure 8b  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 Surface morphology for a 1 min AAPP-treated abaca fibre bundle. 48 22   Figure 8c  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22 Surface morphology for a 3 min AAPP-treated abaca fibre bundle .  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 23   Figure 9a  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  Surface morphology for an untreated single flax fibre bundle.  23  24  Figure 9b  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 Surface morphology for a 1 min AAPP-treated flax fibre bundle. 47 48 49 24   Figure 9c  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22 Surface morphology for a 3 min AAPP-treated flax fibre bundle. 23 25   Figure 10a  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  Surface morphology for an untreated single hemp fibre bundle.  23  24  Figure 10b  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 Surface morphology for a 1 min AAPP-treated hemp fibre bundle. 47 48 49 26   Figure 10c  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22 Surface morphology for a 3 min AAPP-treated hemp fibre bundle .  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 27   Figure 11a  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  Surface morphology for an untreated single sisal fibre bundle.  23  24  Figure 11b  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 Surface morphology for a 1 min AAPP-treated sisal fibre bundle. 47 48 49 28   Figure 11c  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23 Surface morphology for a 3 min AAPP-treated sisal fibre bundle .  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 Table 1 . Main chemical composition of the lignocellulosic fibres [15] . 31 Table 2 . Average width, tensile strength, Young's modulus and elongation at break of 32 untreated, 1 min-and 3 min AAPP treated lignocellulosic fibres. 33 Table 3 . If the P-value > 0.05 the data approximates a normal distribution. 1 Table 3  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  Table 4  30 
